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Abstract 

Background: The infection with Borrelia burgdorferi can result in acute to chronic Lyme disease. In addition, 
coinfection with tick-borne pathogens, Babesia species and Anaplasma phagocytophilum has been increasing in 
endemic regions of the USA and Europe. The currently used serological diagnostic tests are often difficult to 
interpret and, moreover, antibodies against the pathogens persist for a long time making it difficult to confirm the 
cure of the disease. In addition, these tests cannot be used for diagnosis of early disease state before the adaptive 
immune response is established. Since nucleic acids of the pathogens do not persist after the cure, DNA-based 
diagnostic tests are becoming highly useful for detecting infectious diseases. 

Results: In this study, we describe a real-time multiplex PCR assay to detect the presence of B. burgdorferi, B. microti 
and A phagocytophilum simultaneously even when they are present in very low copy numbers. Interestingly, this 
quantitative PCR technique is also able to differentiate all three major Lyme spirochete species, B. burgdorferi, 
B. afzelii, and B. garinii by utilizing a post-PCR denaturation profile analysis and a single molecular beacon probe. 
This could be very useful for diagnosis and discrimination of various Lyme spirochetes in European countries where 
all three Lyme spirochete species are prevalent. As proof of the principle for patient samples, we detected the 
presence of low number of Lyme spirochetes spiked in the human blood using our assay. Finally, our multiplex 
assay can detect all three tick-borne pathogens in a sensitive and specific manner irrespective of the level of each 
pathogen present in the sample. We anticipate that this novel diagnostic method will be able to simultaneously 
diagnose early to chronic stages of Lyme disease, babesiosis and anaplasmosis using the patients' blood samples. 

Conclusion: Real-time quantitative PCR using specific primers and molecular beacon probes for the selected 
amplicon described in this study can detect three tick-borne pathogens simultaneously in an accurate manner. 

Keywords: Borrelia burgdorferi, Anaplasma phagocytophilum, Babesia microti, Tick-borne emerging pathogens, 
Real-time PCR, Molecular beacons, Multiplex assay, Lyme disease, Babesiosis, Anaplasmosis 



Background 

Ixodes species of ticks are responsible for transmitting 
Lyme disease causing Borrelia burgdorferi and several 
other pathogens both in the North America and Europe 
[1,2]. Recently, a press release by Centers for Disease 
Control and Prevention (CDC) stated that only one 
tenth (-30,000) of the actual Lyme disease cases, i.e., 
300,000, are reported in the United States every year. 
Several epidemiological studies in these two continents 
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have also shown that in addition to Lyme spirochetes, 
ticks are often coinfected with the obligate intracellular 
bacterium, Anaplasma phagocytophilum, and a proto- 
zoan parasite belonging to the genus, Babesia with B. 
microti prevalent in the United States and B. divergens 
in Europe [2-9]. These two are emerging tick-borne 
pathogens and cause increasing number of infections in the 
local populations in the endemic zones. A. phagocytophilum 
is the etiological agent of human granulocytic anaplasmosis 
(HGA) that can manifest as moderate to life-threatening 
disease in humans. The bacterium preferentially infects 
granulocytes/neutrophils and persists in polymorphonu- 
clear leukocytes (PMNs), causing thrombocytopenia and 
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leucopenia/lymphopenia, and if untreated, renders the 
patients susceptible to secondary opportunistic infec- 
tions. Human babesiosis is an intraerythrocytic infec- 
tion that may remain asymptomatic but often leads to 
severe to fatal disease [10]. Sensitive diagnostic tests 
that can accurately and simultaneously diagnose Lyme 
disease, anaplasmosis and babesiosis are not currently 
available emphasizing a need to develop individual 
test for each pathogen or a combinatorial test for all 
three tick-borne pathogens to detect coinfection in 
patients. 

B. burgdorferi, A. phagocytophilum and B. microti have 
overlapping epidemiology and transmission cycles with 
shared tick vectors, and common primary and secondary 
host reservoirs. All three use white-footed mice as a 
reservoir host and white-tailed deer populations to 
spread through the endemic regions of the United States 
[11-14]. HGA and canine granulocytic anaplasmosis, as 
well as bovine and human babesiosis, are prevalent in 
Northeastern and Midwestern regions of the United 
States, as is Lyme disease [8,10,15-23]. Severe to fatal 
babesiosis cases have been reported in the USA in the 
past two decades [24,25]. More recently, A. phagocyto- 
philum infections have also increased significantly in 
regions endemic for Lyme disease, with 3,637 HGA 
cases reported by the CDC in the United States between 
2003 and 2008 [26]. The CDC has now declared HGA 
to be a notifiable disease [26]. In 2002, most commonly 
diagnosed coinfections in patients in the Eastern parts of 
the United States were due to B. burgdorferi and B. 
microti, accounting for -80% of the total tick-borne 
coinfections. These coinfections exhibit more severe 
clinical symptoms than infections by B. burgdorferi and 
parasite B. microti alone probably as a consequence of 
the modification of the immune system by the latter 
[20,27]. Coinfections are also prevalent among ticks in 
Europe and are also becoming common in humans, who 
are regularly exposed to these ticks [28-30] . Hence, there 
is a desperate need to develop assays for the detection of 
pathogens responsible for these diseases individually 
or together. 

Accurate diagnosis of various tick-borne diseases is 
problematic, due to similar clinical manifestations 
[12,31]. Currently available serological tests are neither 
cost-effective, nor sensitive or specific for diagnosis of 
infections by these three pathogens transmitted by ticks, 
especially at early stage of infection [9,32-34]. CDC 
recommends two-tier serological tests with an enzyme- 
linked immunosorbent assay (ELISA) or indirect im- 
munofluorescence assay (IFA) as primary test followed 
by the more specific Western blot analysis to confirm 
diagnosis of Lyme disease [35]. Subjective interpretation 
of the immunoblots further diminishes accuracy of the 
test with only 70-80% serological test efficiency noted 



for diagnosis of Lyme disease. However, accuracy of a 
single C6 ELISA test sensitivity is reported to be slightly 
higher for Lyme disease than the two-tier serological test 
[27]. The positive predictive value of these serological 
tests depends both on the prevalence of the disease in 
the area, and on the sensitivity and specificity of the test. 
Moreover, their predictive value varies among different 
laboratories depending on which commercial kit is used 
[36-38]. Furthermore, antibodies persist in the patients 
long after the disease is cured such that serological tests 
cannot be used as a test of cure. In addition, it is difficult 
to assess reinfection in the endemic regions. PCR-based 
assays have been tried for the diagnosis of Lyme disease, 
but, by virtue of their design, they have had only a 
limited level of success [39-41]. A. phagocytophilum and 
B. microti infect white and red blood cells, respectively, 
but are not easily detectable in blood. This offers add- 
itional risk since they can also be transmitted through 
blood transfusions and potentially vertically from mother 
to infant [19,42-44], The presence of Babesia species is 
usually visualized by microscopic examination after 
Giemsa staining; however, it is frequently overlooked, 
because of the infection of less than 1% of erythrocytes 
or due to hemolysis during the sample transport. Higher 
parasitemia due to Babesia infection is usually fatal. 
Serological tests and PCR have been found to be more 
sensitive for its detection [45,46]. Microscopic detection 
of A. phagocytophilum morulae in blood smears is also 
difficult because <0.1% of neutrophils may show their 
presence [47]. Like B. burgdorferi, A. phagocytophilum 
lacks lipopolysaccharides and displays a large number of 
immunogenic proteins on the bacterial surface, making 
serological tests feasible. However, similar to Lyme 
disease, serodiagnosis of HGA fails to detect active 
disease [34,48,49]. Therefore, an assay that can identify 
these two tick-borne pathogens, in addition to detecting 
Lyme spirochetes will be ideal, cost-effective and will 
facilitate design of proper treatment strategies for bac- 
teria versus parasite. 

Due to the presence of nucleases in the serum, nucleic 
acids of the pathogens do not persist in the host much 
longer after the disease is cured [50]. Therefore, PCR 
and other nucleic acids-based assays have been used as 
test of cure for a variety of infectious diseases [51-53]. 
Selection of proper PCR targets and conditions along 
with the use of efficient detection probes are critical for 
the development of sensitive and specific diagnostic 
assays. Molecular beacons are hairpin-shaped oligonu- 
cleotide probes that are highly specific for their target 
sequences and can be labeled with distinguishably colored 
fluorophores [54]. The single-stranded loop of molecular 
beacons is designed to be complementary to a unique 
gene sequence that identifies the infectious agent. 
Drs. Marras, Tyagi, and Kramer used these probes to 
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distinguish alleles that differ in as little as a single 
nucleotide polymorphism (SNPs) [55,56]. The basis of 
this extraordinary specificity is that hairpin-shaped 
probes can assume two different stable states, by: (i) 
forming double-stranded hybrids with their target se- 
quence, or (ii) retaining their partially double- 
stranded structure when not bound to a target. Any 
mismatch between the probe sequence of the molecu- 
lar beacon and the target sequence destabilizes the 
probe-target hybrid, leading to return of the molecu- 
lar beacon in its stable hairpin structure [57,58]. Unlike 
hairpin-shaped probes, linear probes such a TaqMan 
probes have only one conformation, either on or off the 
target. This decreases difference between the melting 
temperature of a perfectly matched target sequence and a 
single-nucleotide mismatched target sequence makes 
discrimination between two scenarios more difficult to 
discern [58-60]. Furthermore, Taqman probes are digested 
by the endonuclease activity of the Taq polymerase in each 
PCR cycle, such that optimization of both annealing and 
digestion of the probe becomes more challenging in the 
development of multiplex assays. Our success in utilizing 
the extraordinary specificity of molecular beacon probes 
to detect the recA gene of B. burgdorferi, and to quantitate 
the number of spirochetes present in infected mouse 
tissue [61] offered us an incentive to develop the assay for 
diagnosis of Lyme disease in humans. We have now opti- 
mized the assay to work in the presence of human DNA 
for it to become useful as diagnostic test for human Lyme 
disease. We describe here expansion of a simplified, highly 
sensitive multiplex real-time PCR assay by incorporating 
specific molecular beacons that can distinguish B. burg- 
dorferi, A. phagocytophilum and B. microti simultaneously. 
Application of this assay will make a significant difference 
in achieving the rapid and accurate diagnosis of Lyme 
disease, anaplasmosis and babesiosis in a cost-effective 
manner. 

Methods 

Microbial strains and human cell line 

For standardization of conditions for real-time PCR 
diagnostic assay for Lyme disease, N40 strain clone D10/ 
E9 of B. burgdorferi (sensu stricto), VS461 strain of B. 
afzelii and PBi strain of B. garinii were grown in BSKII 
medium supplemented with 6% rabbit serum at 33°C. 
Dr. Edouard Vannier of Tufts Medical Center at Boston, 
and Dr. Errol Fikrig of Yale University School of 
Medicine generously provided the genomic DNA from 
B. microti strain RM/NS and A. phagocytophilum strain 
HZ, respectively. Human embryonic kidney 293 cells 
were cultured in a 1:1 mix of DMEM (low glucose) and 
Hams F12 medium (Life Technologies, NY) supple- 
mented with 10% FBS to isolate human DNA used in 
the assays. 



Isolation of B. burgdorferi and human genomic DNA 

Total genomic DNA was isolated from the Lyme spiro- 
chetes grown to a density of ~10 8 spirochetes/ml and 
from 293 cells using the previously described protocols 
[62,63] with two modifications. First, PLG -containing 
tubes (Qiagen Sciences, MD) were used for phenol and 
chloroform extraction, since they allow clean separation 
of the top aqueous layer by decantation after centrifuga- 
tion. Second, a final step of passing the DNA through 
DNeasy kit columns (Qiagen Sciences, MD) was inclu- 
ded to obtain good quality DNA for real-time PCR. 

B. microti and A phagocytophilum plasmid construction 

Thiamine pyrophosphokinase gene of B. microti (BmTPK) 
and APH1387 gene of A. phagocytophilum were amplified 
from B. microti strain RM/NS and A. phagocytophilum 
strain HZ, respectively, using primers listed in Table 1, 
which are designed specifically for RM/NS and HZ strains 
genes, respectively. Each PCR amplicon was cloned in 
pCR-XL-TOPO vector (Life Technologies, NY). Plasmid 
containing BmTPK or APH1387 gene was used as tem- 
plate in real-time PCR assays. 

Isolation of total DNA from blood and blood culture 

To determine the sensitivity of detection of spirochetes 
in blood, we inoculated ten-fold diluted spirochetes 
starting from 10 4 in 1.5 ml human whole blood. Dupli- 
cate sets of three replicates for each dilution were pre- 
pared. Total DNA from one set of tubes was isolated 
immediately while 1.5 ml BSKII medium with 6% rabbit 
serum was added to the second set of tubes. Total DNA 
from this set of tubes was isolated using the method 
described above after incubation of the tubes at 33°C for 
48 h. From 100 \A of total DNA suspension, 5 \A of 
sample was used for real-time PCR. Unspun human 
whole blood with EDTA was purchased from Biological 
Specialty Corporation (Colmar, PA) through Fisher 
Scientific. Experiment with the human blood was con- 
ducted under the protocol of the corresponding author 
approved by the Institutional Review Board of New 
Jersey Medical School. DHHS Federal Wide Assurance 
is provided to New Jersey Medical School for work in- 
volving human samples. Since no patients participated 
in this study, consent form was not needed. 

Molecular beacon design 

Design of molecular beacon probe to hybridize to the 
recA gene of Lyme spirochetes and tagged with FAM 
fluorophore and BHQ-1 quencher were described pre- 
viously [61]. Other molecular beacon probes were 
designed using the previously described strategies [64]. 
Briefly, molecular beacon probes for; ACTA1 gene 
amplicon was tagged with Quasar 670 fluorophore and 
BHQ-2 quencher, BmTPK amplicon with CAL Fluor 
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Table 1 Sequence of PCR primers and molecular beacon probes 



PCR primers/Probes/Oligos Sequence* 



Length Tm Size of PCR Fluorophore/Quencher 









(°C) 


amplicon 




RecF primer 


5' GTG GAT CTA TTG TAT TAG ATG AGG CTC TCG 3' 


30 


66.1 


222 bp 




RecR primer 


5' GCC AAA G^ CTG CAA CAT TAA CAC CTA AAG 3' 


30 


67.3 






RecF3 primer 


5' GCA AGA G^ CAA ATA GAA AA 3' 


20 


53.7 


287 bp 




RecR3 primer 


5' AAA GCT TTT GCA TAA ACA G 3' 


19 


54.7 






RecA3 probe 


5 CTG GCG GAT ATC CTA GGG GG CGC CAG 3 


26 


67.9 




FAM/ BHQ-1 


5BmicrotiTPK primer 


5' AAT A^ G^ GAA TGG GGA TAT TTG TG 3' 


26 


64.2 


600 bp 




3BmicrotiTPK primer 


5' AAT AAT ATA GCT TTT CCA AAA TAT AAC TGA C 3' 


31 


60.2 






5BmTPK primer 


5' TGA GAG GAA CGA CCA TAG C 3' 


19 


61.4 


141 bp 




3BmTPK primer 


5' CCA TCA GGT AAA TCA CAC GAA A 3' 


22 


61.6 






BmTPK probe 


5 CGC GTC GGT GTT GTT GAC CAG CGG CCG CG 

GAC GCG 3' 


35 


61.5 




CAL Fluor Orange 560/ BHQ-1 


5ApAPH1387 primer 


5' ATG TAT GGT ATA GAT ATA GAG CTA AGT GA 3' 


29 


57.8 


1737 bp 




3ApAPH1387 primer 


5' CTA ATA ACT TAG AAC ATC TTC ATC GTC AG 3' 


29 


62.2 






5Aphagocyt primer 


5' ATG GCT ACT ACG AAG GAT 3' 


18 


57.9 


152 bp 




3Aphagocyt primer 


5' CGA AGC AAC ATC TCT ACA T 3' 


19 


58.0 






Aph1387 probe 


5' CGG TGC GAC AAA GAT GCC AGC ACT AAT GCG 

GCA CCG 3' 


36 


61.9 




CAL Fluor Red 610/ BHQ-2 


5 ACTA 1 primer 


5' AGA GCA AGA GAG GTA TCC 3' 


18 


58.0 


104 bp 




3 ACTA 1 primer 


5' CTC G^ GTA GAA GGT GTG 3' 


18 


57.7 






ACTA1 probe 


5 CGC TGC CCT ATC GAG CAC GGC ATC ATC AC 

GCA GCG 3' 


35 


62.4 




Quasar 670/ BHQ-2 


RecA3MB-com oligo 


5' ttG CGC CCC CTA GGA TAT CCG Ctt 3' 


24 


67.9 






TPKMB-com oligo 


5' tt tCG CGG CCG CTG GTC AAC AAC ACC ttt 3' 


29 


61.5 






AphMB-com oligo 


5' ttt CGC A^ AGT GCT GGC ATC TTT GTC ttt 3' 


30 


61.9 






ActinMB-com oligo 


5' tt tGT GAT GAT GCC GTG CTC GAT AGG ttt 3' 


29 


62.4 







italicized molecular beacon sequence depicts the arm sequences whereas the sequences marked by bold letters indicate probe region of molecular beacons 
complementary to the target sequence. 



Orange 560 fluorophore and BHQ-1 quencher and 
APH1387 amplicon using CAL Fluor Red 610 and 
BHQ-2 quencher. The lengths of the probe sequences 
were chosen so that they would form a stable hybrid 
with the target at the annealing temperature (60°C) of 
the PCR assay. The 5' and 3' arm sequences of the 
molecular beacons were designed to form a stable hybrid 
at 5 to 10°C above the annealing temperature of the 
PCR assay. The fluorophores and quenchers were 
chosen based on the specifications of the spectrofluoro- 
metric thermal cycler platform on which the assays were 
carried out and their compatibility in one multiplex 
assay. The sequences of the molecular beacons used in 
this study are listed in Table 1. A detailed protocol for 
the synthesis and purification of molecular beacons can 
be found at www.molecular-beacons.org. For this 
study, molecular beacons were ordered from Biosearch 
Technologies, CA. Initial standardization of PCR con- 
ditions was conducted by using SYBR Green I dye 
(Life Technologies, NY) and was followed by replacing 



SYBR Green with specific molecular beacon probes in the 
assays. 

Real-time PCR assays 

Since genome sizes of B. burgdorferi and human are 
1.5 Mb and 3.2 Gb respectively, 2 ng of B. burgdorferi 
genomic DNA contains approximately 10 6 copies of recA 
gene, while 350 ng of human genomic DNA contains 
approximately 10 5 copies of ACTA1 gene. A 222 bp 
fragment from recA gene of B. burgdorferi using RecF 
and RecR primers and a 104 bp fragment from human 
alpha actin Al (ACTA1) gene using 5ACTA1 and 
3ACTA1 primers were amplified by PCR in 0.2 ml 
optical tubes using a Bio-Rad CFX96 Touch Real-time 
PCR system (Bio-Rad Life Science Research, CA). 
Amplification was performed in 25 ul reaction mixtures 
containing AmpliTaq Gold PCR reaction buffer (Life 
Technologies, NY) supplemented with 3 mM MgCl 2 , 
500 ng/ul of bovine serum albumin, 250 uM of each 
deoxynucleoside triphosphate (dNTP), 500 nM of each 
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set of primers, 5 units of AmpliTaq Gold polymerase 
(Life Technologies, NY), and 100 nM each of RecA3 and 
ACTA1 molecular beacon probe. Specificity of each 
primer set and molecular beacon probe was first 
checked in monoplex assays using the specific primers/ 
probe in the PCR. The primer/probe sets of other patho- 
gen^) were included as negative controls in these assay 
(data not shown). For each amplification reaction, 5 \i\ 
of the DNA template was used to minimize the variation 
due to pipetting error. The amplification program con- 
sisted of initial heating at 95°C for 5 minutes, followed by 
50 cycles of heating at 95°C for 15 s, annealing and fluor- 
escence detection at 60°C for 30 s, and polymerization at 
72°C for 20 s. Similarly, amplification of a 141 bp ampli- 
con from BmTPK gene using 5BmTPK and 3BmTPK 
primers and a 152 bp amplicon of APH1387 gene using 
5Aphagocyt and 3Aphagocyt primers were carried out in 
the presence of human genomic DNA. Molecular beacon 
probes, BmTPK and APH1387 were used for detection of 
the respective amplicons. All primer and probe sequences 
are listed in Table 1. Data were processed using the soft- 
ware provided by the manufacturer. 

Quadruplex real-time PCR assays 

Quadruplex real-time PCR assay was performed in 
conditions described above. Genomic DNA of B. 
burgdorferi and human, and clones of BmTPK and 
APH1387 were used as templates, and 500 nM each 
of RecF and RecR primers and 5BmTPK and 
3BmTPK primers, 250 nM each of 5Aphagocyt and 
3Aphagocyt primers, 100 nM each of 5ACTA1 and 
3ACTA1 primers, 100 nM each of RecA3, BmTPK, 
APH1387, and ACTA1 molecular beacons were in- 
cluded in each reaction. 

For confirmation of the quadruplex assay in which 
plasmids containing BmTPK and APH1387 were used, 
we incorporated different concentrations of genomic 
DNA of B. burgdorferi, B. microti and A. phagocytophi- 
lum in the triplex real-time PCR. Human DNA control 
was not included in these assays. Genome sizes of B. 
microti and A. phagocytophilum are 6.5 Mb and 1.47 Mb, 
respectively. Therefore, 10 6 copies of BmTPK and 
APH1387 are calculated to be present in 8 ng and 2 ng of 
genomic DNA, respectively. By using different relative 
genomic copy numbers and the conditions described 
above for quadruplex assay, consistent results vali- 
dated our assay for simultaneous detection of all 
three pathogens. 

Borrelia speciation by real-time PCR assays 

To differentiate three major species that cause Lyme dis- 
ease in Europe, B. burgdorferi, B. afzelii and B. garinii, 
asymmetric PCR assay was performed in 25 \A volume 
such that the primer synthesizing the target strand of 



the molecular beacon was used in excess. The primers 
for recA gene that are from the conserved region in all 
three species, RecF3 and RecR3 were designed to amp- 
lify a slightly longer 287 bp fragment in this asymmetric 
PCR assay. The reaction mixture contained AmpliTaq 
Gold PCR buffer supplemented with 3 mM of MgCl 2 , 
500 ng/(il of bovine serum albumin, 250 \iM of each 
dNTP, 30 nM of RecF3 primer, 1000 nM of RecR3 
primer, 50 nM of RecA3 molecular beacon and 5 units 
of AmpliTaq Gold polymerase. The amplification pro- 
gram consisted of initial heating at 95°C for 5 minutes, 
followed by 60 cycles of heating at 95°C for 15 s, anneal- 
ing and fluorescence detection at 60°C for 30 s, and 
polymerization at 72°C for 20 s. It was immediately 
followed by incubation at 25°C for 2 minutes to allow 
annealing, and then a melt curve was included by 
increasing the temperature from 25°C to 95°C in 1°C 
step, with each step lasting 2 minutes while monitoring 
the fluorescence. For analysis, the first derivative of 
the denaturation profile was determined as described 
previously [51]. 

Results 

Optimization of molecular beacon probes for multiplex 
PCR assays 

To develop and optimize the multiplex assay that can 
detect the presence of three tick-borne pathogens along 
with the human DNA control in the patient sample, we 
selected primers and molecular beacon probes that will 
amplify and detect the amplicons under the same 
selected PCR parameters. The absence of amplification 
of the amplicons of each pathogen in the presence of 
primers of other pathogens confirmed the specificity of 
each set of primers for only the relevant pathogen 
template DNA. The specificity of each molecular beacon 
for its respective amplicon was first determined by gen- 
erating the denaturation profiles for each probe in the 
absence or presence of specific oligonucleotides (Figure 1 
and Table 1). In the presence of the unrelated target or 
in the absence of any target (buffer control), RecA3, 
BmTPK, APH1387 and ACTA1 molecular beacons 
remain in a closed state at low temperatures with fluo- 
rophore and quencher held in close proximity by the 
hairpin formation (Figure 1A). Molecular beacons 
remain dark at this state. At temperature above the 
melting temperatures of the stems (~68°C, 62°C, 62°C 
and 63°C for RecA3, BmTPK, APH1387, and ACTA1, 
respectively), the fluorophore separates from the quencher 
resulting in increase in fluorescence intensity. The 
molecular beacons bind to their respective targets at low 
temperature resulting in the dissociation of the stem and a 
high level of fluorescence. In contrast, at the melting 
temperatures of probe-target hybrids (74°C, 76°C, 69°C 
and 70°C for RecA3, BmTPK, APH1387, and ACTA1, 
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Figure 1 Denaturation profile analysis of molecular beacon probes used in this study. Melting curves of the RecA3 molecular beacon 
(A) in the presence of a complementary target sequence (green line), or in the absence of any target (buffer only control, dotted line) were 
generated. The fluorescence intensities indicate that the molecular beacon exists either as a hybrid with its perfect complementary target 
sequence, exhibiting high fluorescence from 25°C to 55°C, or in its free state in the form of a stem-loop structure with fluorescence quenched in 
a temperature range of 25-65°C as depicted by the cartoons. At higher temperatures (more than 70°C) the molecular beacon probe denatures 
and exhibits high fluorescence intensities in control. Similarly, probe-target hybrid also denatures at higher temperature releasing the target and 
diminishing the fluorescence as the probe returns to hairpin-loop structure. A similar analysis of the BmTPK, APH1387 and ACTA1 molecular 
beacon probes depicted a temperature and fluorescence profile (B, C, and D), which is similar to the RecA3 molecular beacon probe. 



respectively), dissociation of the probe from the target 
results in the return of the probe to a stem-loop structure, 
significantly diminishing the fluorescence. On further 
increase in temperature, the beacons denature completely, 
do not form a stem-loop structure, and hence, start to 
emit some fluorescence (Figure 1A to ID). Cartoons in 
the Figure 1A depict different molecular beacon states at 
particular temperatures, in the presence or absence of 
specific targets in the reaction. 

Detection of recA amplicon of B. burgdorferi in the 
presence of human genomic DNA in a multiplex real-time 
PCR assay 

We had already optimized molecular beacons and PCR 
conditions for quantitative detection of B. burgdorferi DNA 
by real-time PCR [61]. To adapt the assay for diagnosis of 
Lyme disease in the patients, we spiked the same quantity 
of human DNA (350 ng genomic DNA or 10 5 ACTA1 copy 
number) with a ten-fold dilution of genomic DNA of B. 
burgdorferi Since simultaneous detection of pathogen and 
host PCR products is possible when molecular beacon 



probes are tagged with different fluorophores, normalization 
of the host DNA in patient sample will be convenient and 
accurate method to quantify spirochete number, if needed. 
In addition, accurate detection of host DNA in each sample 
will ensure that the quality of the isolated DNA was suitable 
for real-time PCR. To evaluate this premise, we included 
primers and molecular beacons for both recA amplicon of 
B. burgdorferi and ACTA1 amplicon of human DNA. 
Amplification plots of the recA gene in the PCR assays 
(Figure 2A), as detected by fluorescence intensity at the end 
of each cycle at the annealing temperature, show that the 
presence of 1 to 10 6 spirochetes can be detected using the 
RecA3 molecular beacon consistently. A standard curve 
(Figure 2B) generated by plotting the threshold cycle (Ct) 
versus the log of the known initial copy numbers of B. burg- 
dorferi indicates that the threshold cycle is inversely propor- 
tional to the number of target molecules present in the 
samples. A high coefficient of correlation (r 2 = 0.999) be- 
tween the B. burgdorferi copy number and the Ct obtained 
from the standard curve indicates that this curve can accur- 
ately determine the quantity of spirochetes in infected 
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Figure 2 Molecular beacons can detect B. burgdorferi between 1 and 10 6 in a duplex assay, when human DNA was also included. 

Amplification plots of recA and Actin A1 genes in PCR assays to estimate quantities of B. burgdorferi (A) and human (C) DNA are shown. Human 
DNA (containing 10 5 Actin A1 gene copies) spiked with ten-fold dilutions of B. burgdorferi strain N40 ranging from 1 to 10 6 were used in the PCR 
assays containing both RecA3 and ACTA1 molecular beacons. Sensitivity and specificity of the detection system is indicated by the ability of 
RecA3 and ACTA1 molecular beacons to quantitatively detect the amplicons from both the recA and the ACTA1 genes in the same PCR assay 
tubes. A high coefficient of correlation (r 2 = 0.999) between the Ct values and the spirochete number obtained from the standard curve (B) 
indicates that the molecular beacons can be used effectively to quantify spirochete burden in infected tissues using multiplex assay system. 



patient samples. Results obtained in monoplex and multi- 
plex assays did not show significant differences (data not 
shown). In addition, identical Ct values for ACTA1 in all 
samples were detected, indicating that variation in the copy 
number of B. burgdorferi genome, or the presence of the 
human DNA in the sample does not affect sensitivity of de- 
tection of amplicons of the pathogen or the host in the 
multiplex assay (Figure 2A, 2C and data not shown). 

TPK gene amplicon of B. microti can be detected 
efficiently along with human ACTA1 in a multiplex PCR 
assay 

Two enzymes were identified to be important in central 
metabolism of B. microti by genome sequencing of this 
parasite [65], Lactate dehydrogenase (LDH) and TPK. 
Only LDH is expressed during intra-erythrocytic multi- 
plication stage of this pathogen. We cloned both LDH 



and TPK genes and initially used both plasmid clones as 
templates for real-time PCR using SYBR green and also 
respective molecular beacons (data not shown). How- 
ever, only BmTPK showed promising results under con- 
ditions optimized for amplification of Lyme spirochetes 
and A. phagocytophilum gene amplicons. Therefore, we 
conducted further investigation using the BmTPK gene 
only. Ten-fold dilutions of plasmid containing BmTPK 
gene, starting with 10 6 copies, were prepared in the 
human DNA suspension (350 ng) containing 10 5 copies 
of ACTA1 to use as template. Using 5BmTPK and 
3BmTPK primers, BmTPK molecular beacon in addition 
to human actin Al primers and probe and following the 
PCR conditions described in the methods section, ampli- 
fication of TPK and ACTA1 amplicons were detected 
and quantified. Although copy number from 10 6 to 10 of 
BmTPK showed consistent results (Figure 3A), detection 
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Figure 3 Molecular beacons can detect DNA between 1 and 10 6 B. microti in a duplex assay in the presence of human DNA. 

Amplification plots of BmTPK and ACTA1 genes in PCR assays using the human DNA representing 10 5 ACTA1 copies spiked with ten-fold dilutions 
from 1 to 10 6 of B. microti DNA copies were used to estimate quantities of B. microti (A) and human (C) DNA by employing both BmTPK and 
ACTA1 molecular beacons. The assay quantified amplicons from both the BmTPK and the ACTA1 genes in the same PCR assay tubes. A high 
coefficient of correlation (r 2 = 0.993) between the Ct values and the parasite numbers obtained from the standard curve (B) indicates that the 
molecular beacons can be used effectively to quantify the parasite burden in the infected human cells using multiplex assay system using the 
optimized conditions. 
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of single copy number of B. microti DNA was slightly 
less reproducible. Standard curve (Figure 3B) depicts the 
precision of these results with significant coefficient of 
correlation (r 2 = 0.993). Thus, it is expected that 10 
copies of TPK will be detected consistently in this assay 
with lower detection limit often possible. Overlapping 
ACTA1 detection curves indicate the accurate detec- 
tion and quantitation of the human amplicon since 
the same concentration of human DNA was used in 
different tubes for dilution of TPK-containing plasmid 
(Figure 3C). 

Specific detection of APH1387 amplicon in the presence 
of human DNA using molecular beacon probes in a 
multiplex PCR assay 

A. phagocytophilum is an obligate intracellular patho- 
gen that multiplies within a vacuole inside the host cells 
and avoids fusion of this vacuole with lysosome. 
APH1387 of A. phagocytophilum was identified as the 
first protein that localizes to the vacuolar membrane 
containing this pathogen [66]. Since the gene is uniquely 
present in A. phagocytophilum and is highly conserved 
in various strains, it will allow detection of this pathogen 
in patient samples irrespective of the presence of differ- 
ent infecting strains. Therefore, we selected this ampli- 
con for detection of this bacterial pathogen by real-time 
PCR. By using the strategy used for TPK gene containing 
plasmid for B. microti described above, APH1387 con- 
taining plasmid was diluted in human DNA and PCR 
was conducted using 5Aphagocyt and 3Aphagocyt 
primers and Aphl387 molecular beacon. Primers for hu- 
man actin Al gene amplicon and ACTA1 molecular 
beacon were also included in the reaction mixture. 



Conditions for PCR were identical to those used for 
Lyme spirochetes recA and B. microti TPK gene amplifi- 
cations. Interestingly, in repeated experiments, APH1387 
detection limit was similar to that of BmTPK (Figure 4A) 
and sensitivity of detection appears to be slightly lower 
(>1 bacterial amplicon) than the detection limit for recA 
amplicon of Lyme spirochetes (~1). Indeed, the curves 
for 10 and 1 copies of the gene were very close to each 
other. Again, the results were reflected in the standard 
curve and slightly lower coefficient of correlation (r 2 = 
0.985) (Figure 4B) than that for recA (r 2 = 0.999). Sen- 
sitivity of detection of human ACTA1 amplicon was 
maintained (Figure 4C) similar to that in the multi- 
plex assays described for recA and BmTPK amplicons 
above. 

Simultaneous detection of reck of Lyme spirochetes, TPK 
of B. microti and APH1387 amplicon of A 
phagocytophilum along with human actin Al in a 
quadruplex PCR assay 

Since coinfection of ticks with Lyme disease spiro- 
chetes and emerging pathogens Babesia species and A 
phagocytophilum has been increasing in the endemic 
regions of tick-borne illnesses, it is very likely that 
these coinfections will continue increasing steadily in 
humans in the near future. Therefore, development of 
a single multiplex real-time PCR assay for simultan- 
eous detection of all three tick-borne pathogens in 
the patient samples in a sensitive and specific manner 
is expediently warranted. Even though cloned genes 
of both pathogens, B. microti and A. phagocytophi- 
lum, in plasmids could be detected and quantitated 
when present individually, it is essential to determine 
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Figure 4 Molecular beacons can detect DNA between 1 and 10 6 A. phagocytophilum in a duplex assay when the human DNA is also 
present. Amplification plots of APH1387 and ACTA1 genes in PCR assays using the human DNA representing 10 5 ACTA1 copies spiked with 
ten-fold dilutions from 1 to 10 6 plasmid copies containing APH1387 were used to estimate quantities of A phagocytophilum (A) and human (C) 
DNA by employing both Aph1387 and ACTA1 molecular beacons. The assay quantified amplicons from both the APH1387 and the ACTA1 genes 
in the same PCR assay tubes. A high coefficient of correlation (r 2 = 0.985) between the Ct values and the bacterial numbers obtained from the 
standard curve (B) indicates that the molecular beacons can quantify burden of this intracellular pathogen in the infected human cells using 
multiplex assay system under the standardized conditions in a sensitive and specific manner even though sensitivity of detection is slightly higher 
than one. 
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if the sensitivity is maintained when the DNA of all 
three pathogens is present in the assay. To achieve 
this goal, we standardized conditions such that gen- 
omic DNA of B. burgdorferi and plasmids containing 
BmTPK and APH1387 genes were serially diluted in 
human DNA containing 10 5 copies of ACTA1 gene. 
Sensitivity of detection of recA amplicon was not 
affected by the presence of DNA of other two patho- 
gens (Figure 5A). By increasing the concentration of 
molecular beacons in the quadruplex assay mixture, 
we were able to improve the sensitivity of detection 
of A. phagocytophilum APH1387 amplicons such that 
one copy number was clearly distinguishable from 10 
DNA copies (Figure 5B). However, based upon Pois- 
son distribution, an average single copy of the tem- 
plate is not expected to be present in all samples 
consistently. Lack of amplification of predicted one 
copy of B. microti in this assay demonstrates this 
probability (Figure 5C). This assay demonstrated that 
amplicons from all three pathogens along with the 
control human ACTA1 gene amplicon can be de- 
tected accurately in one multiplex assay (Figure 5D) 
and sensitivity of detection of different pathogens was 
not affected. This is a highly promising result that 



will lead to expansion of this assay to the patient 
samples from endemic regions in the future. 



Sensitivity of detection of emerging pathogens B. microti 
and A. phagocytophilum DNA is retained in the presence 
of excess of B. burgdorferi DNA 

Depending on the prevalent conditions in a particular 
endemic region, quantities of these emerging patho- 
gens may vary in the patient samples. Therefore, we 
further assessed the sensitivity of the assay for detec- 
tion of B. microti and A. phagocytophilum in excess 
of B. burgdorferi DNA. We used B. burgdorferi gen- 
omic DNA/ recA copy number (10 6 ) along with gen- 
omic DNA equivalent to 10 3 genomic copies of each 
of B. microti and A. phagocytophilum (Figure 6A). Ac- 
curacy and sensitivity of detection of B. microti and 
A. phagocytophilum was not affected by 10 3 -fold ex- 
cess of B. burgdorferi genomic DNA, validating the 
potential of our multiplex assay for diagnosis of all 
three tick-borne infections even if one pathogen is 
present in excess. Such excess of B. burgdorferi may 
be present in the synovial fluid or skin biopsy sam- 
ples from the patients. 
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Figure 5 Inclusion of three tick-borne pathogens in the presence of human DNA in a single quadruplex assay does not affect the 
sensitivity of their detection. Conditions for a quadruplex PCR assay were optimized such that eight primers and four different molecular 
beacons for respective amplicons were present in the same tube along with the other reagents required for the PCR. Sensitivity of detection of 
two bacterial pathogens, extracellular spirochete B. burgdorferi (A) and obligate intracellular pathogen A. phagocytophilum (C), along with the 
intracellular parasite, B. microti (B), was not affected in this quadruplex assay, indicating that the assay can be extended for simultaneous 
diagnosis of all three tick-borne pathogens in the patients, especially in the endemic regions. Detection of the ACTA1 amplicon in the same 
reaction will offer as control for human DNA (D) and quality of DNA preparation when the patient samples will be used for diagnosis of the 
infecting organism. 
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Figure 6 Sensitivity of detection of tick-borne pathogens B. burgdorferi, B. microti, and A. phagocytophilum are not affected in the 
presence of excess of other pathogens. (A) One thousand copies of B. microti and A. phagocytophilum genomic DNA were accurately 
detected in the triplex assay despite 10 3 -fold excess of copy number of B. burgdorferi genomic DNA. (B) Detection often B. burgdorferi recA 
amplicon copies was not affected in the triplex assay even in the presence of 100-fold excess of copy number of both B. microti and 
A. phagocytophilum genomic DNA. 

V J 



B. burgdorferi can be accurately detected even in the 
1 00-fold excess of B. microti and A. phagocytophilum 
genomic DNA 

Blood is primarily used as conduit by Lyme spirochetes 
to disseminate to various tissues such that usually only a 
few B. burgdorferi are present in the blood at any given 
time. Therefore, it is likely that intracellular blood-borne 
pathogens A. phagocytophilum and B. microti could be 
present in higher numbers in the cells even if the patient 
has coinfection with B. burgdorferi. To determine 
whether detection of B. burgdorferi will be affected by 
the presence of higher levels of bacteremia and 
parasitemia due to A. phagocytophilum and B. microti, 
respectively, we mixed genomic DNA of all three 
pathogens such that the copy number of BmTPK and 
APH1387 was 100-fold higher than that of the recA 
copies of B. burgdorferi. Interestingly, we were able to 
consistently detect ten copies of recA per one thousand 
copies of BmTPK and APH1387 in a multiplex assay 
(Figure 6B). These results in the Figure 6 demonstrate 
that irrespective of the levels of each pathogen quantity 
relative to the other two pathogens, our multiplex assay 
can accurately detect and even quantify each pathogen 
in the mixture. 

Differentiation of Lyme spirochetes using denaturation 
curve analysis 

The PCR assay for B. burgdorferi described in Figure 2 
failed to both amplify and detect B. afzelii and B. gar- 
inii amplicons efficiently and differentiate these three 
Lyme spirochetes. Inefficiency of the PCR amplifica- 
tion for B. afzelii and B. garinii amplicons is likely 
due to the presence of SNPs found in the RecF and 
RecR primers binding sites in these two species. RecF 
and RecR primers were designed based upon B. burg- 
dorferi sequence. Therefore, conserved primers RecF3 
and RecR3 were selected for amplification of a 



287 bp size amplicon of the recA gene by PCR all 
three species. These primers amplified the gene frag- 
ment from all three species efficiently. To clearly dis- 
tinguish three Borrelia species using the denaturation 
profiles, we conducted asymmetric PCR in which 
RecR3 primer that synthesizes DNA strand targeted 
by molecular beacon probe was used in excess. This 
significantly increases the availability of amplified 
DNA target for the RecA3 probe to bind. SNPs that 
are present in the probe-binding region of the ampli- 
con affect the temperature required to denature the 
probe-target hybrid. Indeed, denaturation profile 
obtained after asymmetric PCR completion was able 
to distinguish three Borrelia species, with a melt peak 
of 66°C for B. burgdorferi, 59°C for B. afzelii, and 55° 
C for B. garinii (Figure 7). 
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Figure 7 Denaturation profiles can distinguish three major 
Lyme spirochete species. Amplification of 287 bp amplicons 
from B. burgdorferi, B. afzelii and B. garinii by real-time PCR using 
conserved primers was followed by a denaturation profile analysis. 
SNPs in the molecular beacon-binding region of B. burgdorferi, 
B. afzelii and B. garinii resulted in at least 4°C melting temperature 
difference between the species such that RecA3 molecular beacon 
was able to distinguish all three Borrelia species when first derivative 
analysis of the denaturation profile was conducted. 
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Real-time PCR can successfully detect low numbers of 
B. burgdorferi in human blood 

In this final assay, we determined if the presence of 
spirochetes could be detected in the human blood. DNA 
isolated from blood spiked with live spirochetes, with or 
without culture in BSKII + RS medium, was used as 
template for real-time PCR for recA amplicon of B. burg- 
dorferi (Figure 8 A and 8B). Detection of spirochete DNA 
did not significantly improve after culture when the 
number was close to 1 per 1.5 ml of blood. The presence 
of 10 spirochetes in 1.5 ml of blood could be consist- 
ently detected albeit without accurate quantification irre- 
spective of blood culture (data not shown). Quantitation 
of 100 spirochetes in 1.5 ml of blood or 100 ul of total 
DNA isolated from spiked blood (i.e. 5 spirochetes per 
5 ul of template used in PCR) was accurate and consist- 
ent both with and without culture in BSKII + RS. Thus, 
the sensitivity of detection in this assay remains better 
than in any other nucleic acids based assays for Lyme 
spirochetes described previously. 

Discussion 

Lyme disease is prevalent in both the Unites States and 
Europe. Although B. burgdorferi sensu stricto is docu- 
mented to be the spirochete responsible for Lyme 
disease in the USA, B. afzelii and B. garinii affect a 
significant population in Europe and Asian countries 
[67,68]. Emerging pathogenic disease anaplasmosis 
caused by A. phagocytophilum is one of the most preva- 
lent life-threatening tick-borne diseases and has recently 
become notifiable in the United States [14,69]. Further- 
more, B. microti in the USA and B. divergens in Europe 
have become important tick-borne parasitic diseases and 
infections with these pathogens are increasing steadily 
[10,70]. Another major upcoming problem is blood 
transfusion associated babesiosis that can remain 
undetected and result in fatalities, and thus, is becoming 



a blood safety threat [71-74]. Serological tests used for 
diagnosis of Lyme disease, anaplasmosis and babesiosis 
cannot be used early in infection before the adaptive 
immune response is established. In addition, due to 
persisting antibodies long after disease has resolved and 
patient is cured, these tests cannot be used to detect 
active infection and they fail as test of cure. These diffi- 
culties add to the disadvantage of using the indirect 
serological diagnostic tests for tick-borne infectious 
diseases. Furthermore, species and strains differences in 
different geographical regions could further diminish the 
efficient diagnosis with the available commercial sero- 
logical kits [37]. In addition, microscopic examination 
for diagnosis of anaplasmosis and babesiosis is both 
time-consuming and labor intensive making them 
quite expensive. Hence, there is a desperate need to 
develop efficient tests for detection of the presence of 
these pathogens in a cost-effective and efficient 
manner. 

The presence of nucleases in serum and in other body 
fluids ensures clearance of nucleic acids when pathogens 
are eliminated by treatment with antimicrobials [50,75,76] . 
Therefore, nucleic acid based tests are now becoming 
popular for diagnosis of various infectious diseases 
[51,52,77]. Indeed, these assays are ideal as the tests of 
cure for various diseases. Early detection of infection by 
Borrelia species, A. phagocytophilum and Babesia species 
using nucleic acid based techniques can lead to successful 
treatment of the illnesses in a timely manner. We previ- 
ously developed a sensitive and accurate quantitative real- 
time PCR assay using molecular beacons for mouse tissues 
[61]. MassTag PCR has been employed to detect coinfec- 
tion of ticks collected from different sites in New York 
with B. burgdorferi, A. phagocytophilum and B. microti 
[6,78] and quantitative PCR has also been employed 
recently for patient samples [79]. A pilot study, using the 
patient blood samples used multi-locus PCR and 
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Figure 8 Multiplex assay using 1.5 ml human blood spiked with serial dilutions of Lyme spirochetes can recover and quantitate 

B. burgdorferi. (A) B. burgdorferi were detected consistently in all replicates when >5 bacteria were present per -75 ul of blood, i.e., when 5 ul 
of total 100 ul DNA recovered from 1.5 ml spiked blood was isolated without additional manipulation. Detection of human Actin A1 was not 
affected in the multiplex assay, as expected (data not shown). (B) Improvement in recovery and quantitation of B. burgdorferi after 48 h culture 
of Lyme spirochetes spiked human blood in BSKII + RS medium at 33°C was not significant. 
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electrospray ionization mass spectrometry, showed 90% 
efficiency in detection of early Lyme disease and could 
often distinguish different strains/genotypes involved [80] . 
Recently, a real-time PCR test using 18S rRNA gene of B. 
microti was successfully used by employing small DNA 
groove probe for specific detection of the presence of this 
parasite with a sensitivity of -100 gene copies per 5 \A of 
the patients' blood [53]. However, all these tests have yet 
to be fully refined to employ them for diagnosis purpose 
in a cost-effective manner. In this study, we have expanded 
the use of specific molecular beacon probes in real-time 
PCR for either simultaneous detection of three Lyme 
spirochete species and distinguishing them using the 
denaturation profile analysis or detection of the pres- 
ence of A. phagocytophilum and B. microti along with 
B. burgdorferi in the sample using a single assay. Use 
of our duplex versus a multiplex assay according to 
need will be efficient and less expensive assay for 
diagnosis of multiple tick-borne diseases. 

Our optimized multiplex assay could accurately detect 
and quantify a single spirochete recA gene copy spiked 
in the human DNA. The presence of high concen- 
trations of human genomic DNA (containing 10 5 copies 
of ACTA1 gene) did not affect accuracy of the assay 
(Figure 2) as also shown by almost perfect coefficient of 
correlation (r 2 = 0.999) between threshold cycle and copy 
number of B. burgdorferi DNA. In addition, an asym- 
metric PCR was able to detect B. burgdorferi, B. afzelii 
and B. garinii efficiently. Furthermore, it is possible to 
distinguish these three species using meting curve fol- 
lowing the PCR assay (Figure 7). Using similar strategy, 
additional Borrelia species, such as emerging B. miyamo- 
toi, can be identified in the future with a little tweaking 
of the assay. 

The best time to develop an efficient diagnostic assay 
is when infections by a particular organism start emer- 
ging among human or animal populations, environment 
or in the vectors. This ensures that a well-standardized 
and efficient diagnostic test is available when significant 
population starts getting affected by the emerging patho- 
gen. The infections of tick populations by two tick-borne 
pathogens, A. phagocytophilum and Babesia species have 
been increasing in both Europe and the United States, 
and the cases of infections by these emerging pathogens 
are also getting reported at a higher numbers in both 
continents [1,2], Indeed, coinfections with these tick- 
borne pathogens have started appearing in the patients, 
and result in more severe illnesses than those observed 
when the patient is infected by each pathogen indivi- 
dually [27,81]. Therefore, we decided to expand our 
real-time PCR approach to include detection of these 
two emerging pathogens. Optimized PCR conditions for 
each emerging pathogen, B. microti and A. phagocytophi- 
lum BmTPK and APH1387 gene amplicons, respectively 



along with the human ACTA1 amplicon (Figures 3 and 4) 
worked well even in quadrupex assay in which serially 
diluted genomic DNA of B. burgdorferi and human 
could be accurately detected in addition to BmTPK 
and APH1387 containing plasmid DNA (Figure 5). 
Similarly, a 100-fold excess of B. microti and A. pha- 
gocytophilum copy number did not affect accuracy of 
detection of B. burgdorferi (Figure 6B). Moreover, this 
test could detect as few as 10 3 copies of both APH1387 
and BmTPK in mixed genomic DNA presence containing 
an excess (upto 10 3 -fold higher or 10 6 copy number) 
of B. burgdorferi DNA indicating the sensitivity and 
accuracy of the assay is maintained irrespective of the 
different load of the pathogens presence in the sam- 
ple (Figure 6A). These results demonstrate that we 
can use this assay to efficiently and relatively quickly 
detect individual pathogens, such as B. microti in blood 
bank samples using the approach used in the Figure 3. We 
can also diagnose coinfections with two or three patho- 
gens in the endemic regions for these tick-borne diseases 
using the quadruplex assay (Figures 5 and 6). Finally, 
success of our assay with B. burgdorferi spiked human 
blood indicates that we will be able to use it for diagnostic 
purpose in human patients (Figure 8). Although real-time 
PCR and other techniques have been tested for identifica- 
tion of Lyme spirochetes and other tick-borne pathogens 
individually, albeit primarily in ticks [6,78,80,82-86], this is 
the first comprehensive study to develop assay for sensi- 
tive detection of three tick-borne pathogens simultan- 
eously. These assays can be easily adapted for the patient 
samples in the future with a little modification, if needed. 
Furthermore, with the recent emergence of ticks infected 
with deer tick virus and Powassan virus lineages in New 
York and Connecticut in the United States and several 
European countries [87-89], it will be useful to include an 
assay for their diagnosis. Our assay could easily be 
extended to include the most prevalent virus amplicon 
after an addition reverse transcription step. Since most 
real-time PCR machines are capable of detecting five 
fluorophore with non-overlapping spectrofluorometric 
spectra and we have only used four in our assay, we antici- 
pate that achieving this goal will be relatively simple. In 
summary, the ability of the assay described here to detect 
multiple tick-borne pathogens simultaneously will be a 
boon for health professionals to design more effective 
treatment regimes for coinfections when this assay is 
approved for mass application. 

Conclusions 

Optimized conditions and PCR parameters, including 
the amplicons of the conserved genes present in 
Lyme spirochetes, A. phagocytophilum and the tick- 
borne parasite B. microti, and molecular beacon 
probes tagged with distinct fluorophores, can detect 
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all three pathogens in a sensitive manner. Excessive 
presence of any pathogen did not affect sensitivity of 
detection of the other pathogen present in lower 
dose. The real-time PCR assay described here can be 
used both; to detect coinfections with more than one 
tick-borne pathogen in the endemic regions of the 
USA and the European countries as well as to detect 
each pathogen individually with equal efficiency. Since 
transfusion-associated babesiosis cases and fatalities 
are increasing steadily, the assay can also be used for 
detection of Babesia species and A. phagocytophilum 
in blood donated to the blood banks after minor 
modifications. The assay will be used in the future for 
diagnosis of tick-borne diseases after further optimization 
with patient samples. 

Competing interests 

None of the authors have competing personal or financial interests relevant 
to the publication of this manuscript. We want to disclose that S.A.E.M. is 
among a group of inventors who earn royalties for molecular beacon usage. 

Authors' contribution 

KC and NP designed the experiments, SAEM designed the molecular 
beacons and KC conducted the experiments. NP drafted the manuscript. 
All authors read and approved the final manuscript. 

Acknowledgements 

This work was supported by National Institutes of Health grant R01-AI089921 
to NP. SAEM was partly supported by the NIH grant R01-MH-079197. We are 
grateful to Edouard Vannier of Tufts Medical Center for generously providing 
B. microti infected mice blood and acknowledge the help from John Leong's 
laboratory at Tufts Medical Center in isolating and shipping the genomic 
DNA to us. We also thank Errol Fikrig of Yale University School of Medicine 
for generously providing us A phagocytophilum genomic DNA for this study. 

Author details 

department of Microbiology and Molecular Genetics, Rutgers-New Jersey 
Medical School, 225 Warren Street, Newark, NJ 07103-3535, USA. 2 Public 
Health Research Institute, 225 Warren Street, Newark, NJ 07103-3535, USA. 

Received: 6 September 2013 Accepted: 12 December 2013 
Published: 20 December 2013 

References 

1. Dantas-Torres F, Chomel BB, Otranto D: Ticks and tick-borne diseases: a 
One Health perspective. Trends Porositoi 2012, 28(1 0):437-446. 

2. Heyman P, Cochez C, Hofhuis A, van der Giessen J, Sprang H, Porter SR, 
Losson B, Saegerman C, Donoso-Mantke O, Niedrig M, et al: A clear and 
present danger: tick-borne diseases in Europe. Expert Rev Anti Infect Ther 
2010, 8(1):33-50. 

3. Reis C, Cote M, Paul RE, Bonnet S: Questing ticks in Suburban Forest are 
infected by at least six tick-borne pathogens. Vector Borne Zoonotic Dis 
2010, 11(7):07-916. 

4. Hildebrandt A, Fritzsch J, Franke J, Sachse S, Dorn W, Straube E: Co- 
circulation of emerging tick-borne pathogens in Middle Germany. Vector 
Borne Zoonotic Dis 201 1, 1 1 (5):533-537. 

5. Franke J, Meier F, Moldenhauer A, Straube E, Dorn W, Hildebrandt A: 
Established and emerging pathogens in Ixodes ricinus ticks collected 
from birds on a conservation island in the Baltic Sea. Med Vet Entomol 
2010, 24(4):425-432. 

6. Tokarz R, Jain K, Bennett A, Briese T, Lipkin Wl: Assessment of 
polymicrobial infections in ticks in New York state. Vector Borne Zoonotic 
Dis 2010, 10(3):21 7-221. 

7. Ginsberg HS: Potential effects of mixed infections in ticks on 
transmission dynamics of pathogens: comparative analysis of published 
records. Exp Appl Acarol 2008, 46(1 -4):29-41 . 



8. Rodgers SE, Mather TN: Human Babesia microti incidence and Ixodes 
scapularis distribution, Rhode Island, 1998-2004. Emerg Infect Dis 2007, 
13(4):633-635. 

9. Belongia EA: Epidemiology and impact of coinfections acquired from 
Ixodes ticks. Vector Borne Zoonotic Dis 2002, 2(4):265-273. 

10. Vannier E, Gewurz BE, Krause PJ: Human babesiosis. Infect Dis Clin North Am 
2008, 22(3):469-488. viii-ix. 

11. Magnarelli LA, Williams SC, Fikrig E: Seasonal prevalence of serum 
antibodies to whole cell and recombinant antigens of Borrelia 
burgdorferi and Anaplasma phagocytophilum in white-tailed deer in 
Connecticut. J Wildl Dis 2010, 46(3):781 -790. 

12. Telford SR 3rd, Dawson JE, Katavolos P, Warner CK, Kolbert CP, Persing DH: 
Perpetuation of the agent of human granulocytic ehrlichiosis in a deer 
tick-rodent cycle. Proc Natl Acad Sci USA 1996, 93(12):6209-6214. 

13. Levin ML, Nicholson WL, Massung RF, Sumner JW, Fish D: Comparison of 
the reservoir competence of medium-sized mammals and Peromyscus 
leucopus for Anaplasma phagocytophilum in Connecticut. Vector Borne 
Zoonotic Dis 2002, 2(3):1 25-1 36. 

14. Rikihisa Y: Anaplasma phagocytophilum and Ehrlichia chaffeensis: 
subversive manipulators of host cells. Nat Rev Microbiol 2010, 
8(5)328-339. 

15. Mazepa AW, Kidd LB, Young KM, Trepanier LA: Clinical presentation of 26 
Anaplasma phagocytophilum-seropos\t\ve dogs residing in an endemic 
area. J Am Anim Hosp Assoc 201 0, 46(6):405-41 2. 

16. Goethert HK, Lubelcyzk C, LaCombe E, Holman M, Rand P, Smith RP Jr, 
Telford SR 3rd: Enzootic Babesia microti in Maine. J Parasitol 2003, 
89(5):1 069-1 071. 

17. Krause PJ, McKay K, Gadbaw J, Christianson D, Closter L, Lepore T, Telford 
SR 3rd, Sikand V, Ryan R, Persing D, et al: Increasing health burden of 
human babesiosis in endemic sites. Am J Trop Med Hyg 2003, 
68(4):43 1-436. 

18. Herwaldt BL, McGovern PC, Gerwel MP, Easton RM, MacGregor RR: Endemic 
babesiosis in another eastern state: New Jersey. Emerg Infect Dis 2003, 
9(2):184-188. 

19. Leiby DA, Chung AP, Cable RG, Trouern-Trend J, McCullough J, Homer MJ, 
Reynolds LD, Houghton RL, Lodes MJ, Persing DH: Relationship between 
tick bites and the seroprevalence of Babesia microti and Anaplasma 
phagocytophila (previously Ehrlichia sp.) in blood donors. Transfusion 
2002, 42(1 2):1 585-1 591. 

20. Sweeney CJ, Ghassemi M, Agger WA, Persing DH: Coinfection with Babesia 
microti and Borrelia burgdorferi in a western Wisconsin resident. 

Mayo Clin Proc 1998, 73(4):338-341. 

21. Mitchell PD, Reed KD, Hofkes JM: Immunoserologic evidence of 
coinfection with Borrelia burgdorferi, Babesia microti, and human 
granulocytic Ehrlichia species in residents of Wisconsin and Minnesota. 
J Clin Microbiol 1996, 34(3)724-727. 

22. Chandrashekar R, Mainville CA, Beall MJ, O'Connor T, Eberts MD, Alleman 
AR, Gaunt SD, Breitschwerdt EB: Performance of a commercially available 
in-clinic ELISA for the detection of antibodies against Anaplasma 
phagocytophilum, Ehrlichia canis, and Borrelia burgdorferi and Dirofilaria 
immitis antigen in dogs. Am J Vet Res 2010, 71 (12):1 443-1 450. 

23. Ravnik U, Tozon N, Smrdel KS, Zupanc TA: Anaplasmosis in dogs: the 
relation of haematological, biochemical and clinical alterations to 
antibody titre and PCR confirmed infection. Vet Microbiol 201 1, 

1 49(1 -2):1 72-1 76. 

24. Herwaldt BL, Linden JV, Bosserman E, Young C, Olkowska D, Wilson M: 
Transfusion-associated babesiosis in the United States: a description of 
cases. Ann Intern Med 201 1, 155(8):509-519. 

25. Hatcher JC, Greenberg PD, Antique J, Jimenez-Lucho VE: Severe babesiosis 
in Long Island: review of 34 cases and their complications. Clin Infect Dis 
2001, 32(8):1 117-1 125. 

26. Summary of notifiable diseases — United States, 2009. MMWR Morb 
Mortal Wkly Rep 201 1, 58(53):1 -1 00. 

27. Wormser GP, Aguero-Rosenfeld ME, Cox ME, Nowakowski J, Nadelman 
RB, Holmgren D, McKenna D, Bittker S, Zentmaier L, Cooper D, et al: 
Differences and similarities between culture-confirmed human 
granulocytic anaplasmosis and early Lyme disease. J Clin Microbiol 
2013, 51(3):954-958. 

28. Chmielewska-Badora J, Moniuszko A, Zukiewicz-Sobczak W, Zwolinski J, 
Piatek J, Pancewicz S: Serological survey in persons occupational^ 
exposed to tick-borne pathogens in cases of co-infections with Borrelia 



Chan et al. BMC Microbiology 2013, 13:295 
http://www.biomedcentral.eom/1 47 1 -2 1 80/1 3/295 



Page 14 of 15 



burgdorferi, Anaplasma phagocytophilum, Bartonella spp. and Babesia 
microti. Ann Agric Environ Med 2012, 19(2):271 -274. 

29. Lommano E, Bertaiola L, Dupasquier C, Gem L: Infections and coinfections 
of questing Ixodes ricinus ticks by emerging zoonotic pathogens in 
Western Switzerland. Appl Environ Microbioi 2012, 78(13)4606-4612. 

30. Franke J, Hildebrandt A, Meier F, Straube E, Dorn W: Prevalence of Lyme 
disease agents and several emerging pathogens in questing ticks from 
the German Baltic coast. J Med Entomol 201 1, 48(2)441-444. 

31. Ewing SA, Dawson JE, Kocan AA, Barker RW, Warner CK, Panciera RJ, Fox JC, 
Kocan KM, Blouin EF: Experimental transmission of Ehrlichia chaffeensis 
(Rickettsiales: Ehrlichieae) among white-tailed deer by Amblyomma 
americanum (Acari: Ixodidae). J Med Entomol 1995, 32(3):368-374. 

32. Aguero-Rosenfeld ME, Donnarumma L, Zentmaier L, Jacob J, Frey M, Noto 
R, Carbonaro CA, Wormser GP: Seroprevalence of antibodies that react 
with Anaplasma phagocytophila, the agent of human granulocytic 
ehrlichiosis, in different populations in Westchester County, New York. 
J Med Entomol 2002, 40(7):261 2-261 5. 

33. Bakken LL: Role of experience and context in learning to diagnose Lyme 
disease. J Contin Educ Health Prof '2002, 22(3):1 3 1 -1 41 . 

34. Bakken JS, Dumler S: Human granulocytic anaplasmosis. Infect Dis Clin 
North Am 2008, 22(3)433-448. viii. 

35. Wright WF, Riedel DJ, Talwani R, Gilliam BL: Diagnosis and management of 
Lyme disease. Am Earn Physician 2012, 85(1 1):1 086-1 093. 

36. Hernandez-Novoa B, Orduna A, Bratos MA, Eiros JM, Fernandez JM, 
Gutierrez MP, Alonso PA, Mantecon MA, Almaraz A, Oteo JA, et al: Utility of 
a commercial immunoblot kit (BAG-Borrelia blot) in the diagnosis of the 
preliminary stages of Lyme disease. Diagn Microbiol Infect Dis 2003, 
47(1)321-329. 

37. Ekerfelt C, Ernerudh J, Forsberg P, Jonsson AL, Vrethem M, Arlehag L, 
Forsum U: Lyme borreliosis in Sweden-diagnostic performance of five 
commercial Borrelia serology kits using sera from well-defined patient 
groups. APMIS 2004, 1 12(1):74-78. 

38. Mogilyansky E, Loa CC, Adelson ME, Mordechai E, Tilton RC: Comparison of 
Western immunoblotting and the C6 Lyme antibody test for laboratory 
detection of Lyme disease. Clin Diagn Lab Immunol 2004, 1 1 (5):924-929. 

39. Aguero-Rosenfeld ME, Wang G, Schwartz I, Wormser GP: Diagnosis of lyme 
borreliosis. Clin Microbiol Rev 2005, 18(3)484-509. 

40. Wilske B, Fingerle V, Schulte-Spechtel U: Microbiological and serological 
diagnosis of Lyme borreliosis. FEMS Immunol Med Microbiol 2007, 
49(1)43-21. 

41. Joss AW, Evans R, Mavin S, Chatterton J, Ho-Yen DO: Development of real 
time PCR to detect Toxoplasma gondii and Borrelia burgdorferi infections 
in postal samples. J Clin Pathol 2008, 61 (2):221 -224. 

42. Leiby DA: Transfusion-transmitted Babesia spp.: bull's-eye on Babesia 
microti. Clin Microbiol Rev 201 1, 24(1): 14-28. 

43. Herwaldt BL, Neitzel DF, Gorlin JB, Jensen KA, Perry EH, Peglow WR, 
Slemenda SB, Won KY, Nace EK, Pieniazek NJ, et al: Transmission of Babesia 
microti in Minnesota through four blood donations from the same 
donor over a 6-month period. Transfusion 2002, 42(9):1 154-1 158. 

44. Joseph JT, Purtill K, Wong SJ, Munoz J, Teal A, Madison-Antenucci S, 
Horowitz HW, Aguero-Rosenfeld ME, Moore JM, Abramowsky C, et al: 
Vertical transmission of Babesia microti, United States. Emerg Infect Dis 
2012, 18(8)4318-1321. 

45. Krause PJ: Babesiosis diagnosis and treatment. Vector Borne Zoonotic Dis 
2003,3(1)45-51. 

46. Persing DH, Mathiesen D, Marshall WF, Telford SR, Spielman A, Thomford 
JW, Conrad PA: Detection of Babesia microti by polymerase chain 
reaction. J Clin Microbiol 1992, 30(8):2097-2103. 

47. Thomas RJ, Dumler JS, Carlyon JA: Current management of human 
granulocytic anaplasmosis, human monocytic ehrlichiosis and Ehrlichia 
ewingii ehrlichiosis. Expert Rev Anti Infect Ther 2009, 7(6):709-722. 

48. Bakken JS, Dumler JS: Clinical diagnosis and treatment of human 
granulocytotropic anaplasmosis. Ann N Y Acad Sci 2006, 
1078:236-247. 

49. Dumler JS, Choi KS, Garcia-Garcia JC, Barat NS, Scorpio DG, Garyu JW, Grab 
DJ, Bakken JS: Human granulocytic anaplasmosis and Anaplasma 
phagocytophilum. Emerg Infect Dis 2005, 1 1 (1 2):1 828-1 834. 

50. Kurreck J: Antisense technologies. Improvement through novel chemical 
modifications. Eur J Biochem 2003, 270(8):1 628-1 644. 

51. El-Hajj HH, Marras SA, Tyagi S, Shashkina E, Kamboj M, Kiehn TE, Glickman 
MS, Kramer FR, Alland D: Use of sloppy molecular beacon probes for 



identification of mycobacterial species. J Clin Microbiol 2009, 
47(4)4 190-1 198. 

52. Banada PP, Sivasubramani SK, Blakemore R, Boehme C, Perkins MD, Fennelly 
K, Alland D: Containment of bioaerosol infection risk by the Xpert MTB/ 
RIF assay and its applicability to point-of-care settings. J Clin Microbiol 

2010, 48(1 0):355 1-3557. 

53. Teal AE, Habura A, Ennis J, Keithly JS, Madison-Antenucci S: A new real-time 
PCR assay for improved detection of the parasite Babesia microti. J Clin 
Microbiol 2012, 50(3):903-908. 

54. Marras SA, Kramer FR, Tyagi S: Efficiencies of fluorescence resonance 
energy transfer and contact-mediated quenching in oligonucleotide 
probes. Nucleic Acids Res 2002, 30(21 ):e1 22. 

55. Tyagi S, Bratu DP, Kramer FR: Multicolor molecular beacons for allele 
discrimination. Nat Biotechnol 1998, 16(1)49-53. 

56. Marras SA, Kramer FR, Tyagi S: Multiplex detection of single-nucleotide 
variations using molecular beacons. Genet Anal 1999, 1 4(5— 6):1 51—1 56. 

57. Mhlanga MM, Malmberg L: Using molecular beacons to detect 
single-nucleotide polymorphisms with real-time PCR. Methods 2001, 
25(4)463-471. 

58. Bonnet G, Tyagi S, Libchaber A, Kramer FR: Thermodynamic basis of the 
enhanced specificity of structured DNA probes. Proc Natl Acad Sci USA 
1999, 96(1 1)6171-6176. 

59. Petersen K, Vogel U, Rockenbauer E, Nielsen KV, Kolvraa S, Bolund L, Nexo B: 
Short PNA molecular beacons for real-time PCR allelic discrimination of 
single nucleotide polymorphisms. Mol Cell Probes 2004, 18(2):1 17-122. 

60. Tapp I, Malmberg L, Rennel E, Wik M, Syvanen AC: Homogeneous scoring 
of single-nucleotide polymorphisms: comparison of the 5'-nuclease 
TaqMan assay and Molecular Beacon probes. Biotechniques 2000, 
28(4):732-738. 

61. Saidac DS, Marras SA, Parveen N: Detection and quantification of Lyme 
spirochetes using sensitive and specific molecular beacon probes. 
BMC Microbiol 2009, 9(1)43-52. 

62. Parveen N, Leong JM: Identification of a candidate glycosaminoglycan- 
binding adhesin of the Lyme disease spirochete Borrelia burgdorferi. 
Mol Microbiol 2000, 35(5):1 220-1 234. 

63. Morrison TB, Ma Y, Weis JH, Weis JJ: Rapid and sensitive quantification of 
Borrelia burgdorferi-\nfected mouse tissues by continuous fluorescent 
monitoring of PCR. J Clin Microbiol 1999, 37(4):987-992. 

64. Vet JA, Marras SA: Design and optimization of molecular beacon real-time 
polymerase chain reaction assays. Methods Mol Biol 2005, 
288:273-290. 

65. Cornillot E, Hadj-Kaddour K, Dassouli A, Noel B, Ranwez V, Vacherie B, 
Augagneur Y, Bres V, Duclos A, Randazzo S, et al: Sequencing of the 
smallest Apicomplexan genome from the human pathogen Babesia 
microti. Nucleic Acids Res 2012, 40(1 8):91 02-91 14. 

66. Huang B, Troese MJ, Ye S, Sims JT, Galloway NL, Borjesson DL, Carlyon JA: 
Anaplasma phagocytophilum APH_1387 is expressed throughout 
bacterial intracellular development and localizes to the pathogen- 
occupied vacuolar membrane. Infect Immun 2010, 78(5)4 864-1 873. 

67. Coumou J, van der Poll T, Speelman P, Hovius JW: Tired of Lyme 
borreliosis. Lyme borreliosis in the Netherlands. Neth J Med 201 1, 
69(3):101-111. 

68. Stanek G, Fingerle V, Hunfeld KP, Jaulhac B, Kaiser R, Krause A, Kristoferitsch 
W, O'Connell S, Ornstein K, Strle F, et al: Lyme borreliosis: clinical case 
definitions for diagnosis and management in Europe. Clin Microbiol Infect 

2011, 17(1):69-79. 

69. Adams DA, Gallagher KM, Jajosky RA, Kriseman J, Sharp P, Anderson WJ, 
Aranas AE, Mayes M, Wodajo MS, Onweh DH, Abellera JP: Reports of 
nationally notifiable infectious diseases— United States, 2011. MMWR 
Morb Mortal Wkly Rep 201 3, 60(53)4-1 1 7. 

70. Schnittger L, Rodriguez AE, Florin-Christensen M, Morrison DA: Babesia: 
a world emerging. Infect Genet Evol 2012, 1 2(8)4 788-1809. 

71. Johnson ST, Cable RG, Tonnetti L, Spencer B, Rios J, Leiby DA: 
Seroprevalence of Babesia microti in blood donors from Babes/a-endemic 
areas of the northeastern United States: 2000 through 2007. Transfusion 
2009, 49(12):2574-2582. 

72. Tonnetti L, Eder AF, Dy B, Kennedy J, Pisciotto P, Benjamin RJ, Leiby DA: 
Transfusion-transmitted Babesia microti identified through 
hemovigilance. Transfusion 2009, 49(12):2557-2563. 

73. Young C, Chawla A, Berardi V, Padbury J, Skowron G, Krause PJ: Preventing 
transfusion-transmitted babesiosis: preliminary experience of the first 



Chan et al. BMC Microbiology 201 3, 1 3:295 Page 1 5 of 1 5 

http://www.biomedcentral.eom/1 47 1 -2 1 80/1 3/295 



laboratory-based blood donor screening program. Transfusion 2012, 
52(7):1 523-1 529. 

74. Cushing M, Shaz B: Transfusion-transmitted babesiosis: achieving 
successful mitigation while balancing cost and donor loss. Transfusion 
2012, 52(7):1 404-1 407. 

75. Meng W, Yamazaki T, Nishida Y, Hanagata N: Nuclease-resistant 
immunostimulatory phosphodiester CpG oligodeoxynucleotides as 
human Toll-like receptor 9 agonists. BMC Biotechnol 201 1, 1 1:88. 

76. Mutwiri GK, Nichani AK, Babiuk S, Babiuk LA: Strategies for enhancing the 
immunostimulatory effects of CpG oligodeoxynucleotides. J Control 
Release 2004, 97(1):1-17. 

77. Monno R, Fumarola L, Mercadante G, Tzakis G, Battista M, Miragliotta G: 
Evaluation of a rapid test for the diagnosis of pneumococcal 
pneumonia. J Microbiol Methods 201 3, 92(2):1 27-1 31 . 

78. Tokarz R, Kapoor V, Samuel JE, Bouyer DH, Briese T, Lipkin Wl: Detection of 
tick-borne pathogens by MassTag polymerase chain reaction. Vector 
Borne Zoonotic Dis 2009, 9(2):147-152. 

79. Liveris D, Schwartz I, McKenna D, Nowakowski J, Nadelman RB, DeMarco J, 
Iyer R, Cox ME, Holmgren D, Wormser GP: Quantitation of cell-associated 
borrelial DNA in the blood of Lyme disease patients with erythema 
migrans. Eur J Clin Microbiol Infect Dis 201 2, 31 (5):791-795. 

80. Eshoo MW, Crowder CC, Rebman AW, Rounds MA, Matthews HE, Picuri JM, 
Soloski MJ, Ecker DJ, Schutzer SE, Aucott JN: Direct molecular detection 
and genotyping of Borrelia burgdorferi from whole blood of patients 
with early Lyme disease. PLoS One 2012, 7(5):e36825. 

81. Horowitz HW, Aguero-Rosenfeld ME, Holmgren D, McKenna D, Schwartz I, 
Cox ME, Wormser GP: Lyme disease and human granulocytic anaplasmo- 
sis coinfection: impact of case definition on coinfection rates and illness 
severity. Clin Infect Dis 2013, 56(1):93-99. 

82. Dominguez SR, Briese T, Palacios G, Hui J, Villari J, Kapoor V, Tokarz R, Glode 
MP, Anderson MS, Robinson CC, et al: Multiplex MassTag-PCR for 
respiratory pathogens in pediatric nasopharyngeal washes negative by 
conventional diagnostic testing shows a high prevalence of viruses 
belonging to a newly recognized rhinovirus clade. J Clin Virol 2008, 
43(2):21 9-222. 

83. Ferdin J, Cerar T, Strle F, Ruzic-Sabljic E: Evaluation of real-time PCR 
targeting hbb gene for Borrelia species identification. J Microbiol Methods 
2010, 82(2):1 15-119. 

84. Iyer R, Mukherjee P, Wang K, Simons J, Wormser GP, Schwartz I: Detection 
of Borrelia burgdorferi nucleic acids after antibiotic treatment does not 
confirm viability. J Clin Microbiol 2013, 51(3):857-862. 

85. Liveris D, Schwartz I, Bittker S, Cooper D, Iyer R, Cox ME, Wormser GP: 
Improving the yield of blood cultures from patients with early Lyme 
disease. J Clin Microbiol 201 1, 49(6):21 66-21 68. 

86. Liveris D, Schwartz I, McKenna D, Nowakowski J, Nadelman R, Demarco J, 
Iyer R, Bittker S, Cooper D, Holmgren D, et al: Comparison of five 
diagnostic modalities for direct detection of Borrelia burgdorferi in 
patients with early Lyme disease. Diagn Microbiol Infect Dis 2012, 
73(3):243-245. 

87. Anderson JF, Armstrong PM: Prevalence and genetic characterization of 
Powassan virus strains infecting Ixodes scapularis in Connecticut. 

Am J Trop Med Hyg 2012, 87(4)754-759. 

88. Raval M, Singhal M, Guerrero D, Alonto A: Powassan virus infection: case 
series and literature review from a single institution. BMC Res Notes 2012, 

5:594. 

89. Ytrehus B, Vainio K, Dudman SG, Gilray J, Willoughby K: Tick-borne 
encephalitis virus and louping-lll virus may co-circulate in Southern 
Norway. Vector Borne Zoonotic Dis 2013, 13(10):762-768. 



doi:1 0.1 186/1471-2180-13-295 

Cite this article as: Chan et al.: Sensitive multiplex PCR assay to 
differentiate Lyme spirochetes and emerging pathogens Anaplasma 
phagocytophilum and Babesia microti. BMC Microbiology 2013 13:295. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at 
www.biomedcentral.com/submit 



o 



BioMed Central 



